We present initial Raman spectroscopy experiments on exfoliated flakes of α-RuCl 3 , from tens of nm thick down to single layers. Besides unexpectedly finding this material to be air stable, in the thinnest layers we observe the appearance with decreasing temperature of a symmetry-forbidden mode in crossed polarization, along with an anomalous broadening of a mode at 164 cm −1 that is known to couple to a continuum of magnetic excitations. This may be due to an enhancement of magnetic fluctuations and evidence for a distorted honeycomb lattice in single-and bi-layer samples.
Introduction
Just over a decade ago, Kitaev proposed a model of a many-body ground state that can be exactly solved, yielding a spin liquid with Majorana Fermion excitations [1, 2] . He considered a honeycomb lattice with spin 1/2 moments experiencing a bond-dependent exchange, such that different components of Table 1 : Structures for α-RuCl 3 , along with the possible modes Raman allowed by symmetry. In addition we show the modes that would arise in back scattering for colinear (c(XX)c) and crossed (c(XY )c) configurations. We note that only the Trigonal and Rhombohedral structures, with undistorted honeycombs, allow a mode to appear in the colinear-but not the crossed-polarization configurations.
tion, exfoliated α-RuCl 3 would allow one to bring many well-developed techniques for exploring 2D atomic crystals to bear, for instance by utilizing van der Waals heterostructures to control the local environment and perhaps even exploit proximity effects [27, 28] . Crucial to this approach will be the evolution of the lattice and electronic structure that ultimately control the balance between the various exchange terms. Inelastic light scattering provides an excellent means to explore these issues. Raman has already demonstrated its utility in determining the lattice structure, symmetry, magnetic order, twomagnon excitations, magneto-elastic coupling, and disorder in various 2D materials [29, 30, 31, 32, 33] . In α-RuCl 3 , bulk measurements have revealed the spin-orbit exciton, and how magnetic fluctuations interact with the lattice via the asymmetric phonon broadening (i.e. Fano lineshapes) [11, 21] . The Raman response also showed the hysteresis in the structural transition via the appearance/disappearance of modes as well as the mode frequency and strength [21] . As with efforts to determine the structure via diffraction techniques, the polarization dependence of the modes has been interpreted in terms of both the single layer (undistorted honeycomb) and monoclinic (distorted) structures. As shown in Table 1 , these two can be separated by the response of phonons to different polarization configurations of the incident and Raman scattered light.
To directly address the possibility of tuning the behavior of α-RuCl 3 via exfoliation, we performed a Raman study of several exfoliated crystals with thickness ranging from 43 nm down to single layers. We have measured the polarization and temperature dependence from room temperature to 10 K. While the thicker pieces produce spectra similar to those seen in bulk, in thin layers we observe an anomalous broadening of the phonons with tem-perature. Particular attention is paid to a mode already shown to exhibit strong coupling to the magnetic excitations, suggesting an enhanced broadening from additional magnetic fluctuations in thin layers. Intriguingly, we also find an A 1g phonon mode-forbidden by symmetry to appear in crossed polarization-is nonetheless observed in the thinnest samples at all temperatures. This is suggestive of a structural transition driven by the decreasing thickness or by strain incurred in the process of exfoliation.
Exfoliation
Single crystals of α-RuCl 3 were grown using a vapor transport technique from phase pure commercial RuCl 3 powder [20] . Exfoliated crystals with typical sizes 10−30 µm were mechanically exfoliated onto Si/SiO 2 substrates from bulk crystals using scotch tape following the methods used for graphene and other van der Waals materials [34] . Exfoliation yielded monolayer, bilayer and multilayer flakes, which were first identified by optical color contrast (Figure 2a ), and the thicknesses were then checked by atomic force microscopy (Figure 2b ). Typical single layer thicknesses were 0.8 nm, compared to ≈ 6Å found in xray diffraction [15] . Fortuitously, unlike other recently explored vdW materials such as black phosphorous and MoS 2 , α-RuCl 3 appears to be stable in air: we find the Raman spectra of all thicknesses even down to monolayers to be reproducible after months of exposure to air, even when measured in separate Raman systems with different excitation lasers (see Figure 2c ).
Raman
Raman spectroscopy was performed on monolayer, bilayer and multilayer α-RuCl 3 on Si/SiO2 at both room and low temperature. Room temperature spectra were measured in air in a Raman spectrometer with a 514 nm excitation laser and low energy cut-off of 100 cm −1 . The laser spot size was ≈ 2 µm with a resolution of 1.8 cm −1 . Low temperature measurements were performed separately under vacuum in a cryostat down to 10 K. These measurements were made in the quasi-backscattering geometry in crossed (XY) polarization, with light polarized in the basal (cleavage) plane. Light from a 532 nm laser was focused down to a 2 µm spot with an estimated power of 160 µW. The resolution of the low temperature Raman system was 2 cm −1 . To confirm heating was not a contributing factor to the additional broadening, additional experiments were performed in a custom-built low temperature Raman setup where the anti-Stokes spectra could be collected [35] . The ratio of the Stokes to anti-Stokes intensity confirmed the excitation power used did not lead to significant heating (∆T ≤ 10 K).
In measurements of multilayer stacks of thin-films, Fabry-Perot interference can result in strong deviations of the Raman intensity [36, 37, 38, 39, 31, 40] , though we note these are unlikely to be strongly temperature dependent. Multiple reflections of both the incident excitation laser and of the Raman scattered light can occur due to the multiple interfaces present. If the optical constants of the constituent materials are known it is possible to compute the net effect this has on the spectra and then normalize it out. This computation consists of two main parts. First, the enhancements of the incident and scattered light at a given depth of the material are calculated. Then, these two enhancements are multiplied and integrated over the thickness of the sample to obtain the total enhancement factor. Each Raman spectrum is divided by the final enhancement factor, after a detector-dependent dark count was subtracted [40, 41] .
Key to understanding the Raman results are their implications for the symmetry of the lattice structure. We use the standard Porto notation for back-scattering geometry A(IS)Ā, where A refers to the propagation axis of the light, I is the axis along which the incident light is polarized, and S is the polarization axis of the scattered light. From the different lattice structures we have calculated the possible symmetries of Raman active modes, and in which geometries they should be observed. These are shown in Table 1 , but can be easily summarized by noting that the lattice structures fall into two categories: those without a distortion of the honeycomb lattice (Trigonal and Rhombohedral), versus those with an in plane distortion (Triclinic and Monoclinic). The undistorted lattices produce modes of A and E symmetry, with A modes only observed in collinear polarization (i.e. c(XX)c), whereas the E modes are seen in both scattering geometries. For the distorted lattice structures, all observed modes should appear in both scattering configurations. Thus the original bulk data, and those reported here for thick exfoliated crystals wherein a mode is observed being suppressed in c(XY )c, would be consistent with the undistorted in-plane lattice structures.
Thickness and Temperature Dependence
We begin with the thickness dependence of Raman spectroscopy of α-RuCl 3 at high and low temperatures. In Figure 3a we show the thickness dependence of the unpolarized Raman spectra at room temperature, revealing both a nearly three order-of-magnitude decrease in the Raman response with reduced thickness, along with a notable increase in the broadening of all phonon modes for flakes thinner than ≈ 6 nm. As the broadening increases the three individual phonon peaks in the group between 270 and 315 cm −1 merge. Fits to this data give the best results when three Lorentzians are used for all thicknesses, suggesting the individual modes still exist at room temperature. The source of this broadening is not immediately clear, but its occurrence in only the thinnest flakes suggests it may be related to the exfoliation process. For instance, prior work in graphene has demonstrated that exfoliated flakes show a range of residual strain [42] that may, in the present system, distort the lattice sufficiently to broaden the modes. In lieu of such global strain, the ∼nm-scale roughness of the supporting SiO 2 may induce a locally varying strain potential impacting thinner flakes more due to their reduced stiffness. Finally, the three weakest modes at 106 cm −1 , 205 cm −1 , and 315 cm −1 , appear to vanish in the thinnest flakes but may simply have become too broad to be distinguished from the noise. In short, beyond the loss of intensity and increased broadening, there is little change from the known spectra of bulk α-RuCl 3 [11, 21] .
In contrast, the thickness dependence at low temperature shows an interesting anomaly (see Figure 3b) . In XY polarization thicker flakes reveal only two peaks between 270 and 300 cm in agreement with results in bulk material [11] . However, in the thinnest samples a third peak at 315 cm −1 has appeared, in the same position as the third peak in the unpolarized and c(XX)c measurements of bulk samples.
To separate out static disorder from thermally induced dynamic fluctuations, we measured the temperature dependence of the Raman spectra in three samples: a 'bulk' flake 23.8 nm thick, along with bilayer and monolayer flakes. These data, acquired in XY configuration, are shown in Figure 4 , where we immediately observe a strong difference in the response of the bilayer and single layer from the thicker flake. Similar to previous bulk measurements performed in XY geometry, the 23.8 nm sample primarily reveals modes of E g symmetry at all temperatures. The most pronounced effect seen occurs in the mode at 164 cm −1 , which acquires a significant Fano lineshape at low temperatures but does not reveal strong broadening with increased temperature. In contrast, in the thinnest layers (Figure 4b,c) , a symmetryforbidden mode (315 cm −1 ) is clearly observed at low temperatures. This mode exhibits a curiously strong temperature dependence: while all phonons peaks are observed to sharpen with decreasing temperature, this 315 cm −1 phonon is barely visible at all at room temperature, but rapidly grows in intensity as the temperature is lowered. The similar behavior of the monoand bilayer flakes confirms this behavior is not an isolated event. Moreover, the mode at 164 cm −1 in the thin samples undergoes a strong increase in width with temperature.
Discussion
The appearance of the 315 cm −1 mode in XY scattering is quite surprising. Only undistorted layers should contain both the E g and A 1g modes, with the A 1g mode disappearing in the XY configuration. Indeed, this was seen in Ref. [11] , where a D3d symmetry of a single layer was assumed (which was also found to be consistent with the behavior observed for the magnetic continuum). In agreement with that prior work, in the thicker flake the two modes at 270 and 300 cm −1 dominate in XY scattering. Interestingly, for distortions of a single layer consistent with the monoclinic structure, the high temperature bulk phase would produce Raman modes only of A g and B g symmetry; and in our geometry the A g modes should be visible in both polarization configurations. Noting that the thicker flake does show this nominally forbidden mode-albeit with a very low intensity-the observation of this mode may indicate the onset of a small distortion of the lattice at low temperatures, that is strongest in the thinnest flakes. In principle, this mode could also appear due to polarizer mis-alignment. However, in that case i) the observed strong temperature dependence would not be expected, and ii) the mode should appear in the thicker flake with more or less the same relative intensity as in the thinner flakes.
As noted, fits to these data strongly suggest the higher energy peak is present even at room temperature, although due to broadening it has merged with its neighbors. However the lower signal-to-noise in the thinner samples leads to large error bars in quantifying the intensity and width of the modes between 270 and 315 cm −1 . Therefore we turn our attention to the phonon mode at 164 cm −1 visible in all samples, and which is established to strongly couple to the magnetic fluctuations [11] . In measurements of bulk α-RuCl 3 crystals, this mode acquires a Fano lineshape ascribed to interactions with a continuum of magnetic excitations, and indeed a Fano lineshape is clearly visible in our data (see Figure 4) . To quantify the change in the broadening of the mode with thickness, we performed fits to the data in a limited range around this peak. The results for the frequency and linewidth for five different thicknesses are shown in Figure 5 . For samples thicker than two layers we find behavior consistent with the bulk results, namely a small softening resulting from anharmonicity [43] , and a broadening above 100 K attributed to standard phonon decay into two acoustic modes [44] . The divergence of the mono-and bilayer samples' behavior from that of the thicker material is rather striking: both the central energies and widths are closely matched across all samples at low temperature. However, as the temperature increases the mono-and bilayer samples reveal a much stronger mode softening accompanied by a sharp increase of the width, which at room temperature is 2−3 times broader than the same mode in thicker samples.
Thus overall we find the two thinnest samples stand out by the appearance of a symmetry-forbidden mode and an unusual behavior of the lower energy, Fano-shaped mode. Is a common cause behind these observations? Structural disorder is an obvious culprit: as mentioned, thin flakes exfoliated on Si/SiO 2 can have a range of built-in tension [42] , which here may introduce distortions of the Cl octahedra and enable otherwise forbidden phonons to appear. Indeed a monoclinic to rhombohedral structural transition has been observed in some bulk crystals below 150 K. These two structures lie close in energy and it is conceivable that the strain of exfoliation could re-introduce distortions tending toward the monoclinic structure [15] . Interestingly, even at high temperatures, bulk-like samples provide little evidence for the mode in XY. Combined with our observation that at low temperatures the energies and linewidths of all modes are very close to that of the bulk, we rule out any major structural reorganization. Instead our results suggest a stronger distortion appears only in thin layers. This agrees with prior x-ray and neutron scattering studies which find that even aggressive bending of bulk α-RuCl 3 crystals results in only small structural changes [15] .
On the other hand, the 164 cm −1 phonon width may be broadened by a variety of physical mechanisms: disorder, an increase in anharmonic phonon scattering, and especially magnetic fluctuations which are already known to drive the Fano lineshape. Examining Figure 5 , we see at the lowest temperatures both the central energy and the linewidth values closely agree across all samples at the lowest temperatures. Since disorder will dominate as T→ 0, it would appear that the disorder potential in the thinnest flakes is not particularly stronger than that affecting the thicker ones. Thus we may contemplate more exotic origins of the distortion, for instance, the possibility of a strong magneto-elastic coupling generating a distortion in order to stabilize magnetic order, driven by the large entropy of the proximate quantum spin liquid. Nonetheless, the strong temperature dependence of the linewidth with similar low temperature energy, suggests enhanced magnetic fluctuations cause strong additional broadening in thin layers.
Conclusion
In this paper we explored the possibility of destroying the long range order in α-RuCl 3 by exfoliating down to a single monolayer. The Raman spectra are consistent with the overall structure remaining intact, however the appearance of a mode in both XX and XY configurations suggest the development of significant in-plane distortions away from the perfect honeycomb lattice. If correct this suggests enhancement of non-Kitaev terms in the exchange that could further stabilize the ordered state. At the moment the origin of this distortion is unclear. The exfolation process, or the use of non-flat substrates, may contribute significant strain leading to the distorted structure, but further Raman and x-ray studies on various substrates [45] will be required to clarify both the structure, and the role played by the substrate. We also note that the phonons in mono-and bilayer samples reveal significant additional temperature dependence. This could result from the additional distortion leading to enhanced anharmonicity. However a much more intriguing possibility is that enhanced magnetic fluctuations in thin layers strongly reduces the lifetime of the phonons. Studies on substrates with reduced background contributions and further enhancements of the Raman via interference would enable closer examination of the magnetic fluctuations. Nonetheless our results clearly demonstrate the possibility of tuning the Kitaev paramagnetic state in α-RuCl 3 via exfoliation.
